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Abstract I show that the CP- violating asymmetry in Jf" vs 7r^7r~7r° decays differs from that in 

i^L ^ tt^tt", ATl Tr^Tr" or the semileptonic J^l transitions, if there exists CPT violation in K^-R'^ mixing. 
A delicate measurement of this difference at a super flavor factory (e.g., the (j) factory) will provide us with a 
robust test of CPT symmetry in the neutral kaon system. 
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1 The motivation 



The CPT theorem claims that a Lorentz-invariant 
local quantum field theory with a Hermitian Hamil- 
tonian must have CPT symmetry It is so far 
so good, because there is no convincing experimen- 
tal hint at CPT violation [1]. The breaking of CPT 
symmetry, as expected in some "exotic" scenarios of 
new physics beyond the standard model (e.g., string 
theory) Q, would be a big deal. In any case, much 
more experimental tests of this theorem are desirable. 

The K°-K° mixing system has been playing an 
important role in particle physics for testing funda- 
mental symmetries (such as CP, T and CPT) and ex- 
amining conservation laws (such as AS — AQ). The 
existing experimental evidence for CPT invariance in 
the mixing and decays of neutral kaon mesons re- 
mains rather poor it is not excluded that the 
strength of CPT-violating interactions could be as 
large as about ten percentage of that of CP-violating 
interactions. This unsatisfactory situation will be im- 
proved in the near future, in particular after a variety 
of more delicate measurements are carried out at a 
super flavor factory [1] (e.g., the (j) factory Q). 

There are several possibilities of probing CPT vi- 
olation in K'^-K^ mixing with the decays of and 

mesons into the two-pion and (or) the semilep- 
tonic states [1] . A different approach towards testing 
CPT symmetry, with the help of neutral kaon de- 



cays into the three-pion states, has also been pointed 
out in Ref. Q. The idea is simply that the CP- 
violating effect induced by K^-K*^ mixing in if" vs 
7r"'"7r~7r'' transitions should not be identical 



or the semilep- 



to that in K^^ 
tonic decays, if CPT symmetry is broken. Thus 
a careful comparison between these two types of CP- 
violating effects may provide us with a robust test of 
CPT invariance in K^-K° mixing. 

An unfortunate fact is that no attention has so far 
been paid to the method advocated in Ref. [6] . In this 
talk, which is more or less an advertisement, I shall 
explain why a test of CPT symmetry is possible by 
measuring the time-dependent CP-violating asymme- 
try between K°{t) Tr+Tr-Tr" and k°{t) tt+tt-tt° 
decays. My result is hopefully useful for the upcom- 
ing experiments of kaon physics. 

2 The idea 

Let me outline the main idea. The mass eigen- 
states of K° and K*^ can in general be written as 



l^s) 



1 



1 



■.{p,\K^')+q,\K')) , 
■.{p,\K')-q,\K')) , (1) 



in which and q^ (for i = 1,2) are complex mixing 
parameters. Note that p^ ~ and = q.^ follow 
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from CPT invariance Q. The traditional character- 
istic quantities of CP violation in the K'-^-K'-' mixing 
system 77+ _, 7700 and 5^, are all related to K^^ de- 
cays and thus the (p2j'?2) parameters. For example, 
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(2) 



in the absence of AS — — AQ interactions. A mea- 
surement of CP violation associated with 



I9il 



I9il 



(3) 



has been assumed to be extremely difhcult, if not im- 
possible, due to the rapid decay of the meson to 
the two-pion state or the semileptonic state. Never- 
theless, I shall show that 6^ can be measured from the 
rate asymmetry of K° and K*^ mesons decaying into 
the three-pion state 7r+7r~7r°. The difference between 
(5g and 6^^ signifies CPT violation in K^-K*^ mixing. 
This point can be seen more clearly if one adopts the 
popular (e,(5) parameters to describe CP- and CPT- 
violating effects in the K'^-K° mixing system ^j: 



Pi 
P2 

I2 



l + e + 5, 
1 + e-S, 
1-e-S, 
1-e + S. 



Then 



6^ = 2(Ree - ReS) 
5s = 2(Ree + ReS) 



(4) 



(5) 



It turns out that Sg — S-^ — AReS is a clear signature of 
CPT violation [6]. 

Let me quote two typical experimental constraints 
on the CPT-violating parameter S in K'^-K'^ mixing: 
Re5 = (2.9±2.6^t^t±0-6,y,t) x 10"* obtained by the 



CPLEAR Collaboration 8] and Im(5 = (0.4±2.1)xl0-5 
obtained by the KLOE Collaboration 0]. A system- 
atic analysis of the CP- and CPT-violating parame- 
ter space has already been done by the Particle Data 
Group in Ref. [1]. 

3 The approach 

The CP eigenvalue for the 7r+7r~7r° final state is 
given by (—1)'+^, where I is the relative angular mo- 
mentum between 7r+ and tt^. Since the sum of the 
masses of three pions is close to the kaon mass, the 
pions have quite low kinetic energy EQ-f^[T:) in the 
kaon rest-frame, and the states with I > are sup- 
pressed by the centrifugal barrier 10|. Thus the 



Kj^ meson decays dominantly into the kinematics- 
favored (/ = 0) and CP-allowed (CP = -1) n+n-Tr" 
state. The decay amplitude of Kg tt+tt^tt" consists 
of both the kinematics-suppressed = 1) but CP- 
allowed (CP=+1) component, and the kinematics- 
favored {I = 0) but CP-forbidden (CP=-1) compo- 
nent. This implies an interesting Dalitz-plot distribu- 
tion for the Kg — > 7r+7r^7r° transition: it is symmet- 
ric with respect to 7r+ and tt^ for the CP-violating 
amplitude, but anti-symmetric for the CP-conserving 
amplitude. Let the ratio of Kg and K^ decay ampli- 
tudes be 



V+-0 = 



AiKg^TT+TT-n") 
A{Ki^^TT+TT~7rO) 



(6) 



It is clear that ?7^._o depends only upon the CP- 
violating component of A{Kg 7r+7r~7r°], if data are 
integrated over the whole Dalitz plot 10|, The 
time-dependent rates for the initially pure K'^ and 
K'^ states decaying into 7r+7r~7r°, denoted by TZ{t) and 
'R-{t) respectively, can be calculated with the help of 
Eqs. (1) and (6). I arrive at Q 



nit) cc [|gJ^ + |gj2|^^_,|2e-Ar._ 
m oc [\p,\' + \p,\'\v+-o\'e-^"- 



-2Re(g;g2'7+-oe'' 
-2Re(p*p277+_oe" 



-Art/2j 
-Art/2] 



(7) 



where Am > and AP > denote the mass differ- 
ence and the width difference of Kg and K^^ mesons. 



respectively. To a good degree of accuracy, I obtain 
the following CP-violating asymmetry: 



Ait) 



nit) -nit) 
nit)+nit) 



2g-Art/2 [Re77^_(,cos(Ami)-Imry^_oSin(Amt)] ^ 
2g- Art/2 [Re77+_o sin(Ami) + IniTy+.Q cos( Ami)] ( , 



(8) 



No. X 



3 



in which 



Re(PiP2+gig2) 
lm{p^p*+q^q*) 



= l + 0{\e\') + 0{m + 0{Re{eS*)), 
= 0(lm{eS*)). 



(9) 



It is obvious that Sg can be determined through the 
measurement of A(t). In particular, the relationship 
lim A{t) = holds. 

t — >oc 

As I have emphasized, the difference between (5g 
and hints at CPT violation in K'^-K° mixing. If 



Re(5|/Ree ~ 0.1, then the difference S^ — S^ = iKeS 
can be as large as 0.4Ree ~ 6.6 x 10"'' in magnitude, 
where the experimental value Ree « 1.65 x 10~^ has 
been used Since both e and 6 are small quan- 
tities, it turns out that ^ « 1 and C « are good 
approximations. Eq. (8) is therefore simplified to 



A{t) 



26""^"/^ [Re7/_^_oCos(Ami) - Im77^_oSin(Amt)] . 



(10) 



In the neglect of CPT violation, namely, Sg = 2Ree, 
Eq. (10) can simply reproduce the result obtained in 
Ref. 10|. For illustration, I plot the behavior of A{t) 
in Fig. 1, in which = 3x 10~^ and |ry+_o| = 5 x 10~^ 
have typically been input. One may observe that A(t) 
approaches Sg for t > Srg and reaches (5g if i > lOrg, 
where Tg is the mean lifetime of the Kg meson. This 
implies a certain feasibility to determine Sg from the 
time-dependent CP-violating asymmetry A{t). 




Fig. 1. An illustrative plot for the CP- violating 
asymmetry A{t) with the typical inputs Sg = 
3x10"^ and |r?+_ol = 5 x 10"^ 0]. 



4 The discussion 

In the above analysis I have taken an integration 
over the whole Dalitz plot, such that 1]^^^ solely con- 
tains the CP-violating part of A{Kg — > tt+tt^tt"). To 
look at the CP-conserving component of A{Kg 
7r+7r~7r"), one may study the phase-space regions 



■E^cm(i""^|> -^cm(i" ) and E(^yi{n+) < £^^{1: ) sep- 
arately 10|. In this case the corresponding CP- 
violating asymmetries between 7^(t) and 7?.(i) take 
the same form as A{t) in Eq. (8) or Eq. (10), but 
V+-0 should be replaced by (77_,__(, ± A), where A de- 
notes the CP-conserving contribution to the ratio of 
Kg and K^ decay amplitudes |l^ ■ Certainly, the CP- 
violating parameter 5g can still be determined from 
measuring the time dependence of the relevant decay 
rate asymmetries. 

An accurate measurement of 5g from K^ vs K° —>■ 
7r+7r"7r" should be feasible at the factory, where a 
huge amount of K^K*^ events can be coherently pro- 
duced Choosing the semileptonic decay of one 
kaon to tag the flavor of the other kaon decaying 
into 7r+7r~7r'' on the resonance, one should be able 
to construct the time-dependent rate asymmetry be- 
tween K'^{t) TT+vr^Tr" and K''{t) Tr+Tr^Tr" decays 
in a way similar to Eq. (8). It is also expected that 
other super flavor factories may measure ^g and to 
a good degree of accuracy. 

Note that Lorentz invariance has been taken for 
granted in what I have discussed. As pointed out 
by Greenberg [l3], "If CPT invariance is violated in 
an interacting quantum field theory, then that the- 
ory also violates Lorentz invariance" . In my discus- 
sions, the dependence of the CPT-violating parame- 
ter S on the sidereal time should in general be consid- 
ered, since CPT violation may simultaneously imply 
a violation of Lorentz symmetry in the neutral kaon 
system. For simplicity, here I take (5 to be a con- 
stant by assuming that the boost parameters of both 
K'^ and K'^ are small and the corresponding Lorentz- 
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violating effect is rotationally invariant in the labo- 
ratory frame 13|. In this approximation, my results 
are essentially valid as the averages over the sidereal 
time, such that the effect of Lorentz violation due to 
the direction of motion is negligible. 

Finally, I like to mention that different approaches 
have been discussed to test CPT symmetry in D'^-D° , 
B^-B'^ or B'^-B^ mixing [l^ . The idea presented here 
cannot directly be applied to those heavy neutral- 
meson systems. In this sense, it represents a unique 
way applicable in the K'^-K° mixing system to test 
the CPT theorem. 



5 The conclusion 

To conclude, the CP-violating effect induced by 
K'^-K" mixing in J^" vs — + 7r+7r"7r° decays is pos- 
sible to deviate to some extent from that in — > tttt 
or the semileptonic K^^ transitions due to the viola- 
tion of CPT symmetry. Measuring or constraining 
this tiny difference may serve as a robust test of CPT 
invariance in the neutral kaon system. 

I would like to thank Changzheng Yuan and the 
organizing committee of PIIIPSI09 for giving me this 
opportunity to present an "old" idea for the future. 
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